Abstract -The Diels-Alder reactions of cyanoethylenes with cyclopentadiene and 7 10 9,10-dimethylanthracene are accelerated 10 and 10
9,10-dimethylanthracene are accelerated 10 and 10 fold by the introduction of further cyano groups. In the 2 + 2 cycloaddition to isobutenyl methyl ether, however, aciylo-and fumaronitrile are inert, and the rate differences are small for 1,1-dicyano-, 
A CRITERION FOR EARLY AND LATE TRANSITION STATES
Elucidating a reaction mechanism does not always involve a back-breaking effort. Often the comparison with an accepted reference system is sufficient. The addition of tetracyanoethylene to enol ethers may be Some kinetic data may shed light on the fundamental mechanistic difference between the Diels-Alder reaction and the 2 + 2 cycloaddition of cyanoethylenes to enol ethers. Polycyanoethylenes combine with cyclopentadiene Or 9,10-dimethylanthracene in 4 + 2 cycloadditions, whereas the cyclobutane derivative is obtained with isobutenyl methyl ether (Scheme 2). How do the rate constants depend on the number of cyano groups in the polycyanoethylene ? The second-order rate constants of the Diels-Alder reactions were measured by J. Sauer et al. (Ref.3) . The stepwise introduction of cyano groups from acrylonitrile to tetracyanoethylene increases the rate constant versus cyclopentadiene 40 million-fold and that towards dimethylanthracene even by a factor of 15 billions (Table 1) . 1 ,1-Dicyanoethylene is more active than 1 ,2-dicyanoethylene, but there is no doubt that also the third and fourth cyano group at the second olefinic carbon atom are strongly accelerating (Ref. 4) .
The reactivity sequence is grossly different for the 2 + 2 cycloaddition model. Acrylonitrile and fumaronitrue do not react at all with isobutenyl methyl ether. Starting with 1 ,1 -dicyanoethylene, the rate does not profit from introducing further cyano groups, but rather decreases by a factor of 16 (Ref.5) . The k2 value of tetracyanoethylene has to be divided by a statistical factor of 2.
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The Diels-Alder reaction possesses an early transition state (Scheme 3) which is typical for concerted cycloadditions and a prerequisite for the successful application of MO perturbation theory. The transition state still resembles the two-plane orientation complex of diene + dienophile. It was observed for the reaction of TCNE with dimethylanthracene in benzene at 25°C that 86 % of is due to the entropy term whereas only 14 % forHt signifies little change in bond energy (Ref. 6 ).
The discussed Diels-Alder reactions belong to the 'normal" type which are HOMO(diene) -LUMO(dienophile) controlled. The stepwise introduction of the cyano groups is accompanied by a successive lowering of the orbital energies (Scheme 3). The diminishing frontier orbital separation corresponds to an increasing energy gain in the creation of the new MO's of the transition state. A dramatic increase of the rate constant is the result. In a crude approximation of the second-order perturbation term the energy gain in producing the MO's of the transition state should be inversely proportional to the mentioned frontier orbital separation. The ionization potential of the diene and the electron affinities of the dienophiles may serve as experimental quantities.
Houk and Munchausen (Ref. 7) made a sophisticated estimate of some electron affinities and indeed noticed a linear dependence of log k2 on the reciprocal difference of ionization potential and electron affinity (Fig. 1 ). The late transition state structurally resembles the high-energy intermediate rather than the reactants. During the activation process the rehybridizat ion of the carbon atoms involved reaches such an extent that the orbital energies of the reactants become irrelevant; perturbation theory which inspects the first infinitesimal part of the reaction, is no longer applicable.
Nevertheless, the rate constants are meaningful. One nitrile group is not sufficient to stabilize the anionic portion of the zwitterion; therefore, acrylonitrile and fumaronitrile are unreactive. Two cyano groups at the terminal carbon atom are required to provide the zwitterion with the stabilization of the malodinitrile anion. Cyano groups at the other carbon atom decelerate the cycloaddition somewhat. The influence of the orbital energies of the cyanoethylenes in the ground state is overcompensated by two factors. One is the steric screening of the carbon atom which forms the first bond. The second factor concerns the con jugation energy of the additional cyano groups which is lost during the conversion of the trigonal to a tetrahedral carbon atom.
Thus, the grossly disparate influence of the cyano groups allows to conclude an early transition state for the Die Is-Alder reaction and a late one for the 2 + 2 cycloaddition. Nearly quantitative yields of stereospecific cycloadducts were isolated as crystalline material in the example of Scheme 7, the reaction of 3,4-dihydroisoquinoline N-oxide to dimethyl fumarate and dimethyl maleate (Ref. 11) . More frequently, only part of the product is isolated in a pure state and the mother liquor is scru- tinized by NMR for the nonstereospecific product. Now it is a necessity to test the analytical limits for the "wrong" isomer with artificial mixtures; these limits amount to roughly 2 % in favorable cases of NMR analysis. Thus, one can guarantee only for better than 98 % stereospecificity. In the framework of the two-step process of Scheme 5 this would be tantamount to a rotational barrier which is by more than 2.3 kcal moi1 higher than the activation energy for the cyclization of the intermediate.
Which rate ratio of rotation versus cyclization and dissociation could be regarded as reasonable for the hypothetical intermediate of Scheme 5? We searched for an example in which gas chromatography of products permits the demonstration of a much higher stereospecificity than the NMR analytical limit of 2 %. Double preparative gas chromatography gave the pure angelic and tiglic ester which did not show any mutual admixture. After diazomethane reacted with two equivalents of methyl tiglate, the excess of the latter was reisolated. The residual tiglate did not exhibit an angelate peak in the GC at highest attenuation; the peak became recognizable after addition of 6 ppm methyl angelate. Thus, the isomerization of tiglic ester during the reaction with diazomethane must be smaller than 6 ppm. The less sensitive analysis of tiglic ester in angelic ester becomes manifest in a somewhat larger limit : below 80 ppm here ( After reacting tiglic ester with diazomethane, the adduct B -its large peak is cut at high attenuation in No Kinetic measurements of the sixties revealed that the phenyl azide addition is not a monopoly of the norbornene double bond. Common cycloalkenes react too, but much slower ( What is the reason for the high norbornene reactivity ? The hydrogenation enthalpy of norbornene surpasses that of cyclohexene by 6 kcal moi1; R. Turner convincingly interpreted this with a diminution of ring strain in the conversion of norbornene to norbornane (Ref. 24) . In the early sixties we explained the high dipolaro-
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In a masterly study, the same authors established in 1935 the exclusive exo addition of phenyl azide to the stereoisomeric norbornenedicarboxylic acids (Scheme 9, Ref. 18). Alder was cautious enough not to offer an explanation for the two exceptional properties, high reactivity and exo selectivity.
t -. It struck me that this phenomenon might also be responsible for the second exceptional characteristic of norbornene, its anomalously high reactivity. According to the second-order term of the perturbation equation, the energy gain in creating the MO's of the transition state should be proportional to the square of the products of the atomic orbital coefficients, i.e., the relative electron densities. Thus, the interaction with the larger exo lobes of norbornene should result in a greater gain of bond energy than the interaction with the endo lobes. An attractive solution of the puzzle comes within reach, namely a common reason for both exceptional features of norbornene reactivity. Scheme 13 ex o endo The proof should be straightforward and requires a comparison of the cycloaddition constants of norbornene (A) with those of bicyclic alkenes which due to symmetry cannot display nonequivalent 17 orbital extension. This is true for bicyclo(2.2.2)octene (B), bicyclo(2. 1. 1)hexene (C) as well as for the better accessible tricyclooctene (D) in which the bicyclohexene skeleton s incorporated. A symmetry plane which is absent in norbornene cuts the 'rr orbitals of the three other bicycloalkenes in halves (Scheme 13). The same is true for the difference in strain energy of the cycloalkenes and cycloalkanes ( Table 5 ). The calculated strain release of 4.7 kcal mol 1 for the conversion of norbornene to norbornane compares well with
Turner's experimental value of 6 kcal mol The loss of ring strain on hydrogenation of bicyclohexene and the tricyclic derivative amounts to 10 and 9 kcal mol 1 , respectively. For bicyclo(2.2.2)octene the strain release totals 0.5 kcal mol1 calculated versus 1 kcal mol derived from the heat of hydrogenation.
Should the rate increase of norbornene over cyclohexene originate only from strain release in the transition state, then one would anticipate the cycloadditions of bicyclohexene and tricyclooctene to show a diminution of the activation free energy, which is roughly twice as large as that for norbornene. An example: Diazomethane adds to norbornene 5,000 times faster than to cyclohexene. The reaction with bicyclohexene should be 5,000 2, i.e., 25,000,000 times faster, if LLG* were double as large. The test reactions are four l,3-dipolar cycloadditions and one Diels-Alder reaction (Scheme 14); they differ in the relative share of the two frontier orbital interactions. The diazomethane additions are HOMO (1 ,3-di- pole) -LUMO(cycloalkene) controlled, whereas both HO-LU interactions contribute to the additions of tnmethylbenzonitnile oxide, 4-nitrophenyl azide and an acylnitrone. The last formula line pertains to a DielsAlder reaction of inverse electron demand. The interaction of LUMO(tetrazinedicarboxylic ester) and HOMO (cycloalkene) dominates; the initial addition is followed by nitrogen loss to give a dihydropyridazine derivative (Ref. 35) . The rate measurements were preceded by preparative experiments which gave virtually quantitative yields; the structures of the cycloadducts were spectroscopically secured. Table 6 . Rate constants k2 in I mol The cycloalkenes are ordered in Table 6 by growing strain loss. Instead of reacting 3 -4 powers of ten times faster than norbornene, the rate constants of bicyclohexene and tnicyclooctene are similar or somewhat smaller than those of norbornene (Ref. 34) . Trimethylbenzonitnile oxide reacts 5 times faster with bicyclooctene than with cyclohexene, whereas norbornene displays a 2,500 fold acceleration; the k2 values of the two highly strained alkenes are somewhat lower than that of nonbomene. The other rate sequences show similar characteristics. E.g., in the Die Is-Alder reaction of tetrazinedicarboxylic ester, norbornene reacts 9,200 times faster than cyclohexene and exceeds bicyclooctene 100 fold. The rate constant of tnicyclooctene decreases to half the norbornene value.
One must conclude that the release of strain energy in the transition state can -at the most -be only partially responsible for the high rate constants of norbonnene. The additional rate increase is attributed to a factor x which could be Fukui's nonequivalent orbital extension.
The numerical evaluation of the two factors rests on three simplifying assumptions. 1. The transition state is located at the same spot of the reaction coordinate, i.e., percentagewise, the strain release is the same for all the bicycloalkenes. 2. The stenic requirements and activation entropies are equal. 3. The total rate difference between bicyclo(2.1.1) hexene and bicyclo(2.2.2)octene, the two symmetrical models, is accounted for by strain release in the transition state. The third is the most daring assumption. Trimethylbenzonitrile oxide adds to bicyclohexene with an activation free energy which is by 3.6 kcal moi1
lower than that of the addition to bicyclooctene ( Table 7 ). The strain release of bicyclohexene on hydrogenation exceeds that of bicyclooctene by 9.5 kcal mol 1 The assumption of 38 % strain release in the transition state of cycloaddition brings the loss for bicyclooctene to 3.6 kcal mol 1, i.e., 100 % of the x does not operate in the ground state, but rather affects the transition state energy. Further theoretical stud ies will be necessary.
Our analysis of the contributing effects was based on the presumption that all the rate increase of bicyclohexene over bicyclooctene is ascribed to strain release in the transition state. The presumption that 38 % of the total strain release between bicyclohexene and bicyclohexane becomes effective in the transition state of the nitrile oxide cycloaddition, is rather unlikely. The author would prefer a zero value for strain release in the very early transition state.
A theoretical concept begins to emerge -still somewhat foggy -that allows a description of cycloalkene and bicycloalkene reactivity which is consistent with the early transition states of concerted cycloadditions.
The hyperconjugative interaction of the O bonds of the one-carbon bridge of norbornene with the ri' orbitals plays an important role in Fukui's as well as in Gleiter's calculation. The same structural element is present in bicyclohexene and tricyclooctene ; both hydrocarbons could profit in their cycloadditions from the same hyperconjugation as norbornene does, if factor x were no longer a ground state, but a transition state phenomenon. The similarity of the rate constants of norbornene and the more strained bicycloalkenes (Table 6 ) is conspicuous.
It may be recalled that cyc lopentene exceeds cyclohexene 10 -100 fold in cycloaddition rate (Table 3) .
Cyclopentene has an envelope structure with C-4 serving as the flap. Conceivably, its transition state of cycloaddition benefits from the same factor x as norbornene, though to a smaller degree.
New effects which control reactivity are no longer abundant. In the case of the Fukui phenomenon, the combined efforts of experimenter and theorist are needed to learn about origin and scope. 
